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An enzyme-linked immunosorbent assay (ELISA) was developed for the detection of immunoglobulin G
(IgG) to the capsular polysaccharide (CP) ofPasteurella haemolytica serotype 1. Purified CP was first covalently
coupled to poly-L-lysine and then optimally adsorbed at a concentration of 5 ,ig/ml to microtiter plates in the
presence of carbonate-bicarbonate buffer (pH 9.8). The ELISA was used to evaluate and compare the
CP-specific IgG response of calves vaccinated with different P. haemolytica-derived experimental vaccines.
Elevated levels of ELISA IgG titers were detected in postvaccination sera and lung lavage from calves
vaccinated intradermally with live logarithmic-phase organisms or the culture supernatants. The ELISA was
found to be a rapid, reproducible, and sensitive technique for the detection of CP-specific antibodies and may
be useful to delineate the protective role of these antibodies in bovine pneumonic pasteurellosis.

Pasteurella haemolytica serotype 1 is widely recognized
as the agent responsible for severe fibrinous pneumonia in
pneumonic pasteurellosis (shipping fever) of cattle (2, 3).
The polysaccharide nature of the bacterial capsule has been
established (7), and immunological differences among cap-
sular polysaccharide (CP are the basis for division of P.
haemolytica into 15 serotypes (5). The capsule is produced
in large amounts by in vitro-propagated logarithmic-phase
cells (11). Capsulated organisms have been shown to be
more severe pathogens to cattle than noncapsulated organ-
isms (R. E. Corstvet and R. J. Panciera, Annu. Meet. Conf.
Res. Workers Anim. Dis. 1980, abstr. no. 92, p. 17).

Antigenic materials that contained a mixture of CP, lipo-
polysaccharide, and outer membrane proteins have been
extracted from P. haemolytica serotype 1 and used success-
fully as vaccines in experimental trials (9, 15, 20, 23, 34).
However, in none of these studies was it possible to deter-
mine a protective role for antibody to CP because assays for
the measurement of this antibody were unavailable. There-
fore, it appears that a need exists for a widely accessible,
sensitive, and reproducible assay for the detection and
quantification of antibody to P. haemolytica serotype 1 CP.
We used a recently described method for purification of

CP (1) and then developed an indirect enzyme-linked immu-
nosorbent assay (ELISA) for the detection of immunoglob-
ulin G (IgG) in bovine sera and lung washings to this purified
polysaccharide. The results demonstrate that this assay is
highly sensitive, specific, and reproducible.

MATERIALS AND METHODS

Preparation of CP. P. haemolytica 12296 was isolated in
pure culture from the lungs of a yearling feedlot calf that died
of pneumonic pasteurellosis. It was identified as serotype 1
by the rapid plate agglutination procedure (12) and was
maintained in the lyophilized state. The organism was grown
on the surface of sterile polycarbonate membrane (0.2-ptm
pore size; Nuclepore Corp., Pleasonton, Calif.) which was
overlaid on solid Sawata medium (19). The plates were
incubated at 37°C for 6 h under a 10% C02 atmosphere. The
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bacteria were suspended in phosphate-buffered saline (PBS,
pH 7.4) at 56°C for 1 h in a shaking water bath and removed
by centrifugation at 13,000 x g for 20 min.
The supernatant containing the crude capsular extract (14)

was filter sterilized, dialyzed for 48 h, and lyophilized.
Capsule removal was confirmed by the Maneval method of
staining (22). The CP was purified by the procedure of Adlam
et al. (1). Briefly, the crude capsular extract was first
subjected to methanol precipitation to remove protein con-
taminants. The lipopolysaccharide was removed by phenol
extraction and ultracentrifugation. The CP was then precip-
itated with ethanol and purified by molecular sieve column
chromatography. The purified polymer (designated CP) con-
tained approximately 95% hexosamine (28) and was free of
protein (25) and lipopolysaccharide (17, 18). Nuclear mag-
netic resonance spectroscopy of the CP showed the com-
pound to be relatively clear of proteinaceous material with a
spectrum similar to that previously described (1).
Coupling of CP to poly-L-lysine. Purified CP was covalently

bound to 0.1% poly-L-lysine (60,000 molecular weight;
Sigma Chemical Co., St. Louis, Mo.), using cyanuric acid as
the coupling agent (16). This was a three-step procedure.
First, the CP was alkalinized, followed by activation and
slow acidification of the CP by cyanuric chloride. The final
step involved the covalent coupling of the CP to poly-L-
lysine.
ELISA reagents. Carbonate-bicarbonate buffer (pH 9.8)

was used as the coating buffer. The washing solution was
deionized water containing 0.05% Brij 35 (Sigma). The
sample diluent was PBS (pH 7.4) containing 0.05% Brij 35
and 0.3% bovine serum albumin (PBS-Brij-BSA). The con-
jugate was horseradish peroxidase-conjugated rabbit anti-
bovine IgG (H- and L-chain specific; Miles Laboratories,
Inc., Naperville, Ill.) diluted in PBS-0.05% Brij without
BSA. The substrate solution was 2,2-azino-di-(3-ethylbenz-
thiazoline sulfonic acid) diammonium salt (Sigma). No pre-
servatives were used.
ELISA procedure. The procedure described by Voller et.

al. (30) for microtiter plate indirect ELISA was adapted with
some modifications. Checkerboard titrations were used to
determine the most effective coating buffer, antigen concen-
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tration, optimal conjugate dilution, choice of a diluent, and
optimal incubation period.

In subsequent tests, individual wells of 96-well polyvinyl
U-bottomed microtiter plates (Dynatech Laboratories, Inc.,
Alexandria, Va) were first coated with 100 pl of a 5-p.g/ml
solution of CP-coupled antigen diluted in coating buffer. The
plates were coated overnight at room temperature in a

reciprocating shaker. The plates were washed three times
with washing solution, sealed, and stored at 4°C. Before use,

100 pul of diluent buffer was added to each well, incubated for
1 h at 37°C, and suctioned dry. A 100-pul sample of the
appropriate dilution ofthe test samples in PBS-Brij-BSA was
added, and the plates were incubated at 37°C for 2 h. The
plates were then washed three times, and a 100-pul sample of
conjugate diluted 1:4,000 was added to each well. The plates
were incubated for 1 h at 37°C and then washed six times. A
100-pil portion of substrate was added, and the plates were
incubated at 37°C until proper color development occurred,
which was a preestablished absorbance reading ofthe known
reference positive serum. Incubation time was 10 to 20 min,
and the reaction was not stopped chemically before reading
the absorbance. Color development was measured on dual
wavelengths, 405 nm test and 490 nm reference, with a

Dynatech MR-580 spectrophotometer. Controls included
were the antibody control, which contained all the reagents
except the antigen, and the antigen control, which contained
all the reagents except antibody. Appropriate substrate and
poly-L-lysine controls were also tested for nonspecific color
development.

Sera and lung lavage samples collected from two
colostrum-deprived (CD) calves which did not contain any
antibodies to the surface determinants of P. haemolytica
were used as standard negative controls in the ELISA test.
Serum and lung lavage samples collected from a CD calf
immunized twice with a crude capsular extract from P.
haemolytica served as reference positive control. Immuni-
zation was accomplished intramuscularly with 5 mg of
capsular extract emulsified in Freund complete adjuvant
(Difco Laboratories, Detroit, Mich.), followed by a booster
3 weeks later with extract emulsified in Freund incomplete
adjuvant (Difco).

Study groups. Sera and lung lavage samples from calves
used in our different vaccination trials were analyzed by the
ELISA for the presence of antibody to CP of P. haemoly-
tica.

In experiment A, 13 calves were acquired within 4 h after
birth and given one feeding of colostrum obtained from their
dams at the farm. The quantity of colostrum fed was 6 lb (2.7
kg) per 100-lb (45-kg) weight of calf. Thereafter, the calves
were transported and raised in isolation rooms for 9 to 11
weeks (colostrum-fed [CF] calves). Calves maintained by
this protocol had low colostrum-derived antibody to P.

haemolytica (21) in their sera and were free from nasal

colonization with P. haemolytica (data not shown). At this

time, calves were randomly separated into three groups. Six

calves in group 1 were vaccinated intradermally (i.d.) at

multiple sites in the neck with 1 ml of 109 CFU of live

log-phase P. haemolytica 12296 per ml propagated in RPMI

1640 medium (4) (live bacteria vaccinates). Group 2 calves

consisted of three calves vaccinated i.d. with 1 ml of culture

supernatant from a log-phase bacterial growth (culture su-

pernatant vaccinates). This supernatant contained a mixture

of CP, leukotoxin, lipopolysaccharide, and proteins. Four

calves in the control group were injected i.d. with 1 ml of

RPMI 1640 medium (sham vaccinates).
In experiment B, two CD calves were raised inside isola-

tion rooms for 9 weeks and then vaccinated as described
above for production of positive control sera (culture super-
natant + adjuvant vaccinates). The culture supernatant used
for vaccination was partially purified by ultrafiltration on a
Diaflo XM300 membrane (Amicon Corp., Lexington, Mass.)
and then lyophilized.
Experiment C consisted of two CD calves and three CF

calves vaccinated ID at 1 week of age with 1 ml of live
log-phase bacteria containing 109 CFU/mI.
Blood was collected from all calves from experiments A,

B, and C before vaccination (prevaccination) and weekly up
to 7 weeks after vaccination (postvaccination). All sera were
heat inactivated, filter sterilized, and stored at -80°C.
Lung lavage was performed on all calves, except those

from experiment C, at prevaccination and postvaccination
by the procedure described by Wilkie and Markham (31).
The lavage samples were filtered through cotton gauze and
centrifuged at 200 x g for 4 min to remove cells and then
centrifuged at 40,000 x g for 30 min at 4°C to remove lung
surfactant. The resulting lavage fluid was dialyzed against
distilled water and stored in the lyophilized state until it was
analyzed. For the ELISA, lung lavage samples were recon-
stituted in PBS-Brij-BSA diluent to contain 1,200 pug of
protein per ml (25). Serial dilutions were then made in the
diluent, and 100 pi was used in the ELISA.

All test and control samples were run in triplicate, and
each experiment was performed at least three times.

Expression of results and statistics. The ELISA endpoint
(30) titer of each test sample was designated as the reciprocal
of the serum or lung lavage dilution which gave an optical
density (OD) of 0.1. This was calculated from a titration
curve graph which plotted OD as function of serum or lung
lavage dilution.

Collective titers for groups of calves from experiments A,
B, or C were expressed as ELISA geometric mean titer
(ELISA GMT). The GMT (8) gives equal weight to all test
values and is not skewed toward extreme values.

Linear regression analysis (29) was used to establish a

regression line on the linear portion of each ELISA titration
curve. The slope values for these regression lines were

tabulated, and a mean slope value for each vaccine group
was then calculated. To answer the question whether the
mean slope values correlated with ELISA endpoint titers,
we calculated the correlation coefficients or r values. The
associated P values were determined from a table of r

values.
The coefficient of variation (29), a measurement of the

amount of variation in grouped data, was used to analyze the
precision and reproducibility of the ELISA tests.
The Student t test (29) for paired comparisons was used to

analyze the significance of difference between the logarithm
of the prevaccination and postvaccination ELISA and
endpoint titers.
A one-way analysis of variance (29) was used to compare

the ratio of postvaccination to prevaccination ELISA end-
point titers. From the analysis of variance sum of squares, an

a priori test was used to calculate the P values of the
differences between vaccinate groups.

RESULTS

Determination of optimal conditions for ELISA. A series of
experiments were performed to study various factors having
a possible influence on the ELISA. Initial experiments
evaluated two coating buffers on the adsorption of poIy-L-
lysine-coupled CP to the microtiter plates. Plates coated
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FIG. 1. Comparison of coating buffers on ELISA sensitivity.
Microtiter plates were coated with 7.5 ,tg of poly-L-lysine-coupled
P. haemolytica CP antigen per mI contained in the different coating
buffers. The standard negative serum (prevaccination) and positive
serum (postvaccination) were diluted in PBS-BRIJ-BSA. A 1:4,000
dilution of horseradish peroxidase-conjugated anti-bovine IgG was
used. The data points depict means of four separate experiments,
each performed in triplicate. The figure shows that carbonate-
bicarbonate buffer at pH 9.8 was best suited for use as antigen
coating buffer.

with the carbonate buffer resulted in optimal adsorption over
plates coated with PBS buffer (Fig. 1). In subsequent exper-
iments carbonate buffer was used as the coating buffer.

Optimal concentrations of antigen and conjugate were
determined by checkerboard titration with reference positive
and negative standards. The optimal antigen concentration
was 5 ,ug/mi with a conjugate dilution of 1:4,000 (Fig. 2).

Incubation times of less than 1 h were tested in conjunc-
tion with temperatures above 37°C in an attempt to reduce
the total assay time below 3 h. The elevated temperatures
caused a significant increase in color development above
maximum limits in all the wells including the negative
control.
We found that preincubation of the antigen-coated plates

with the diluent PBS-Brij-BSA for 1 h at 37°C and using this
buffer as the sample diluent minimized a high nonspecific
background adsorbance due to poly-L-lysine binding to the
conjugate. A 2-h incubation for the antigen-antibody step
gave the greatest differentiation between the reference neg-
ative and positive sera or lung lavage samples.

Precision and reproducibility of ELISA. Reproducibility of
the assay was studied by running 10 triplicate determinations
of a single positive serum sample. When performed on the
same day with the same preparation of antigen, conjugate,
and substrate, the coefficient of variation of OD readings was
4.1 to 11.3%. When performed on different days the varia-
tion was 7.4%. Plate-to-plate variation was 10%.

Using numerous separate assays, we calculated a standard
OD value for the positive reference serum. If during sample
assays the OD value of the positive reference serum showed
more than 11% variation from the previously determined
standard OD value, a correction ratio was calculated. The
sample OD values were then corrected by dividing the OD of
each sample by the correction ratio. Besides triplicate wells
of the known positive dilution and known negative dilution,
the positive serum serially diluted was run on each plate so
that a standard curve and slope for corrections (6, 27) could
be used if necessary.

Application of ELISA for detection of IgG against P.
haemolytica CP in vaccinated calves. ELISA titers were
determined for sera and lung lavage samples collected from

all calves in experiments A, B, and C. Results from experi-
ments A and B (Fig. 3 and 4) compare ELISA GMT at
prevaccination and 5 weeks postvaccination for serum sam-
ples and 4 weeks postvaccination for lung lavage samples.
Since inadequate amounts of lung lavage samples from 5
weeks postvaccination were available, we selected the 4
week postvaccination lung lavage data for illustration in Fig.
4.

Prevaccination sera from both CF and CD calves from
experiments A and B had low levels of IgG to CP as shown
by the ELISA GMT with a range from 350 to 1,800.
Similarly, lung lavage from prevaccination calves also
showed a low ELISA GMT with a range from 25 to 230.

In experiment A sham-vaccinated calves, the t test
showed no significant difference in the ELISA endpoint
titers between pre- and postvaccination sera and lung lav-
ages (P > 0.20). In contrast, sera from live bacteria vacci-
nates showed a significant rise in postvaccination ELISA
endpoint titers (P = 0.044) and also a significant rise in lung
lavage titers (P = 0.038). Sera from culture supernatant
vaccinates showed a rise in postvaccination titers (P =

0.182), and lung lavage titers showed no significant rise (P >
0.20).
A strong correlation with a 95 to 99% certainty was

observed between the mean slope values and mean ELISA
endpoint titers of prevaccination and all 2, 3, 4, and 5 week
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FIG. 2. Results of the checkerboard titration showing determi-

nation of optimal amounts of P. haemolytica CP antigen (coupled to
poly-L-lysine) and horseradish peroxidase-antibovine IgG conjugate
required for the ELISA test. Included on the plates were the
substrate and conjugate controls. Various dilutions of conjugate and
various concentrations of CP antigen were tested with both positive
and negative sera. Negative and positive sera (similar to Fig. 1) were
used at a 1:800 dilution. The data points are means of four separate
experiments, each performed in triplicate. To conserve reagents, a
conjugate dulution of 1:4,000 and an antigen concentration of 5
p.g/ml were considered best.
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FIG. 3. Comparison of IgG to P. haemolytica antigen measured
by ELISA in the sera of vaccinated and sham-vaccinated calves
from experiments A and B. Results from the three groups in
experiment A are depicted on the left side of the figure, while the
group from experiment B is on the far right. Postvaccination ELISA
titers were from serum samples collected 5 weeks after vaccination.
Each bar represents the ELISA GMT.

postvaccination sera and lung lavage samples from live
bacteria and culture supernatant vaccinates in experiment A.
In contrast, a poor correlation was observed with samples
from the sham vaccinates.
The one-way analysis of variance test on the ratios from

the three groups in experiment A showed a significant
difference among these experimental groups (P < 0.01) for
both serum and lung lavage ratios. Further comparison of
the groups indicated a significant difference between the
sham vaccinates and the live bacteria vaccinates (P = 0.017
for serum and P = 0.043 for lung lavage samples). No
significant difference was detected between the sham vacci-
nates and culture supernatant vaccinates in both serum and
lung lavage (P > 0.30).
The Student t test used on the results from experiment B

calves showed differences that were not statistically signifi-
cant (P = 0.157 for serum, P = 0.089 for lung lavage),
although a large difference was seen between the pre- and
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FIG. 4. Comparison of lgG to P. haemolytica CP antigen mea-

sured by ELISA in the lung lavage of vaccinated and sham-
vaccinated calves from experiments A and B. Postvaccination
ELISA titers were from lung lavage samples obtained 4 weeks after
vXaccination. ELISA titers and expressed as described in the legend
to Fig. 3.

postvaccination ELISA GMT of sera and lung lavage (Fig. 3
and 4). This disparity is due to the low numbers of calves and
therefore a degree of freedom of only 1.

In an unrelated experiment with CF calves from experi-
ment A (data not shown), we found that analysis of serum
samples collected from neonatal calves (precolostral) and 24
h after colostrum feeding (postcolostral) suggested that there
was passive transfer of CP-specific IgG through colostrum.
To determine whether preexisting colostrum-derived anti-
body against P. haemolytica CP interfered with antibody
response to vaccination, we immunized a group of 1-week-
old CD and CF calves (experiment C) i.d. with a live
vaccine. Sera collected at prevaccination and 2, and 3 weeks
postvaccination were analyzed by ELISA for the presence
of CP-specific antibody. Whereas immunization of CD
calves induced a big rise in antibody titer, there was no rise
in the antibody titer in the sera from CF calves (Fig. 5). The
rise in CP-specific ELISA endpoint titers in CD calves at 3
weeks had a meaningful difference in the paired t test (P =
0.071), and those of CF calves had no significance (P >
0.50). The t test on the corresponding slope values of CD
calves showed statistical significance (P = 0.049), and the
slope values of CF calves had no significance (P > 0.50).

DISCUSSION
The ELISA methodology developed in this study is well

suited for detection of the antibody response to CP of P.
haemolytica type 1 in bovine sera and lung lavage.
We used both endpoint titers and slope values to evaluate

this response. In general, the ELISA endpoint titers of
serum and lung lavage samples correlated fairly well with the
slope values. However, looking at both endpoint titers and
slope values may give added insight to the results, especially
if critical evaluation is needed.

In experiment C the slope values gave a more significant
value than did the endpoint titers. The negative or poor
correlation of endpoint titers to slope values in control or
sham-vaccinated calves in experiment A is expected since
no new antibody should be generated. Slope values that do
not increase in conjunction with increasing endpoint titers
probably indicate that a high-affinity antibody is not being
produced. Other researchers have also indicated that slope
values may permit measurement of antibody affinity to the
antigen and that high-affinity antibody may be more protec-
tive (6).

Colostrum Deprived
Vaccinates

Colostrum Fed
Vaccinates

o 2 3 0 2 3
weeks

FIG. 5. IgG to P. haemolytica antigen detected by ELISA in
prevaccination (I), 2 weeks postvaccination (E2D ), and 3 weeks
postvaccination (HM ) sera obtained from calves in experiment C
vaccinated i.d. with live logarithmic-phase bacteria. ELISA titers
were expressed as described in the legend to Fig. 3.
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Our studies showed that i.d. vaccination of 9- to 11-week-
old CF calves (which had low levels of colostrum-derived
CP-specific antibody at prevaccination) with live log-phase
bacteria resulted in a significant increase in the CP-specific
IgG titers in the sera and lung lavage (Fig. 3 and 4).
However, vaccination of 1-week-old CF calves (which had
high levels of colostrum-derived CP-specific antibody at
prevaccination) with live bacteria did not induce elevated
antibody titers to CP (Fig. 5). A possible explanation of this
phenomenon was only speculative. It was quite possible that
the passively acquired (via colostrum) CP-specific IgG in the
sera inhibited the immune response to active immunization.
These findings are similar to those of others (31, 32) who
showed that systemic and lung humoral response to vacci-
nation was inversely related to the magnitude of antibody
titers found in these secretions before vaccination. The
finding that adjuvant-treated culture supernatant derived
from a log-phase bacterial culture induced a marked increase
in the CP-specific ELISA IgG titer in the lung lavage (Fig. 4)
was a very exciting finding. The significance of this finding
can only be evaluated if large numbers of calves are used.

]During the development of this procedure, several prob-
lems were encountered. The most significant problem was
that the purified CP adsorbed very poorly to the solid phase
of the ELISA microtiter plates. We found that it was first
necessary to covalently bind the CP to poly-L-lysine. Opti-
mal adsorption was accomplished in the presence of carbon-
ate-bicarbonate buffer at pH 9.8. Others (16, 24) have shown
that the function of the poly-L-lysine is to adsorb to the solid
phase, thus immobilizing the coupled polysaccharide. We
also discovered that the adsorbed poly-L-lysine can bind
directly with the conjugate and give a high background
adsorption reading. These high background readings were
drastically reduced by using BSA in the diluent and adding a
presample incubation step.
Good reproducible results were obtained by our ELISA

method with CP-bound poly-L-lysine. The antigen-coated
plates could be stored at 40C for several months without
losing antigenic activity (data not shown). It showed high
specificity because we used purified CP as the antigen.
Furthermore, the method was sensitive enough to demon-
strate small changes in antibody levels.
So far, no methodology is available to measure the pro-

tection-inducing capacity of P. haemolytica CP. Recent
studies have demonstrated that immunization of cattle with
live logarithmic-phase P. haemolytica by the parenteral or
aerosol route can effectively protect cattle from experimen-
tal pasteurellosis (10, 26). It has been speculated that the
possible mechanisms which log-phase organisms provide
better protection than stationary-phase organisms are re-
lated to the amount of leukotoxin and capsule (4, 11). Gentry
et al. (13) suggested that resistance to disease correlated
directly with antileukotoxin titers. Since no serological assay
was available to detect CP-specific antibody, its role in
protection has not been studied.
Bovine pneumonic pasteurellosis is an economically im-

portant disease in beef and dairy cattle in the United States
(33). A test suitable for quantitation of IgG antibody against
the CP of type 1 P. haemolytica will define its role in
immunity to this disease. We demonstrated that capsule-
specific IgG can be detected in the lung lavage of calves
vaccinated with live log-phase P. haemolytica organisms or
their culture supernatant. Clearly, further work has to be
done to establish a correlation between anticapsular anti-
body concentration in the bovine lung, the isotype measured
by ELISA, and protection against pneumonic pasteurellosis.
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